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Conductivity and microviscosity of electrolyte solutions containing
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Electrical conductivity of potassium chloride solutions containing polyethylene glycol~PEG! of
different molecular mass was measured in a wide range of the polymer concentration up to 33 wt. %
for PEG 300, 600, 2000, 4600, and 10 000. The data were used to find the dependence of
microviscosity,hmicro, which characterizes the decrease of the ion mobility compared to that in the
polymer-free solution, on the polymer volume fraction,f. We find that the dependence is well
approximated by a simple relationhmicro/h05exp@kf/(12f)#, where h0 is viscosity of the
polymer-free solution andk is a fitting parameter. Parameterk weakly depends on the polymer
molecular mass growing from 2.5 for PEG 300 to its limiting value close to 2.9 for long chains.
Using thef-dependence of microviscosity, we give a practical formula for the conductivity of
PEG-containing electrolyte solutions. ©2003 American Institute of Physics.
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I. INTRODUCTION

This paper deals with electrical conductivity of electr
lyte solutions containing polyethylene glycol~PEG! of dif-
ferent molecular mass. We were motivated by rec
experiments1–7 in which PEG and other water-soluble pol
mers were used in studies of ion channels. The basic ide
these experiments is to learn about channels by measu
the variation of the channel conductance due to the addi
of the polymer to the membrane-bathing solution. It is i
portant that the effect of PEG of different molecular mass
qualitatively different. Long PEG molecules, that cannot e
ter the channel, change only access resistance of
channel.2 Short PEG molecules easily enter the channel. T
leads to a decrease in channel ionic conductance becaus
polymers partially block the channel. Measuring the PE
induced conductance change, it is potentially possible to
plore channel geometry.6

To analyze data on the polymer influence on the chan
conductance, first it is necessary to measure polymer-indu
variation of the electrolyte conductivity in the bulk solution
Here we report such measurements for different PEGs
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wide range of the polymer concentration. We find a sim
formula that perfectly covers the data for PEGs with fix
molecular mass for the entire range of the concentration.
formula contains the only adjustable parameter, which va
with the polymer molecular mass only slightly. We belie
that these results will be useful in future studies of ion ch
nels.

Conductivity of PEG containing electrolyte solutions h
been studied by several groups. The closest to the pre
study are those by Fosteret al.8 and Bordiet al.9 The most
interesting qualitative result found in these studies is that
polymer effect depends mainly on the amount of PEG ad
into the solution and very weakly on the PEG molecu
mass. This means violation of Walden’s rule.10,11 This rule,
written in the form convenient for the present study, provid
a relation between conductivity,s, and viscosity,h, of the
solution,

sh

nKCl
5const, ~1.1!

wherenKCl is the electrolyte concentration. The rule is vi
lated because the viscosity of polymer containing solutio
strongly depends on the polymer molecular mass12 while
conductivity does not. The violation is demonstrated
Sec. II.
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The effect of adding a polymer on the solution condu
tivity has two aspects:~1! lowering of the electrolyte concen
tration by the factor~12f!, wheref is the polymer volume
fraction, and~2! decrease of the effective mobility of ion
due to their ‘‘collisions’’ with the polymer molecules. It i
convenient to discuss the polymer influence on the mob
in terms of microviscosity,hmicro, introduced by the relation

hmicro

h0
5~12f!

s0

s
, ~1.2!

where s0 and h0 are conductivity and viscosity of th
polymer-free electrolyte solution.

Here we report on our study of electrical conductivity
0.1 M KCl solutions that contained PEG of different molec
lar mass: 300, 600, 2000, 4600, and 10000. The PEG c
centration varied from 0 to 33 wt. %. One of the main resu
of our study is a simple formula,

hmicro

h0
5expS k

f

12f D , ~1.3!

wherek>2.9 for sufficiently long PEG andk>2.5 for PEG-
300. We found that the dependence in Eq.~1.3! works amaz-
ingly well for the entire range of the concentrations for ea
of the polymers. When the ratiohmicro/h0 is known one can
easily find the conductivity using the relation in Eq.~1.2!.

The problem of the polymer effect on the ionic mobili
is a special corner of a more general problem of the tra
mobility in a polymer-containing solution. The latter ha
been intensively studied over a broad range of the prob
parameters, including variation in size and nature of
tracer as well as variation of the concentration and type
polymer. One can find a good set of references on the sub
elsewhere.13–15 One of the main objectives of those studi
was to find the dependence of the diffusion coefficient of
tracer on its hydrodynamic radius,R, as well as the concen
tration and molecular mass of the polymer,c andM, respec-
tively.

For semidilute solutions Langevin and Rondelez16 sug-
gested ~with the reference to de Gennes, Pincus, a
Velasco’s personal communication! that the ratio of the
tracer diffusion coefficient,D, to its value in pure solvent
D0 , is given by

D

D0
5expF2S R

j D dG1
h0

h
, ~1.4!

where j5j(c) is the correlation length,j(c)}c2n, and d
andn are scaling exponents. The relation in Eq.~1.4! leads to
D5D0h0 /h for R@j. For not so big tracers this relatio
predicts larger values of the diffusion coefficient. This mig
be interpreted in terms of microviscosity, i.e., an effect
viscosity felt by the tracer, which is smaller than the soluti
viscosity.

Another expression used in the literature for the ra
D/D0 gives this ratio in the form17,18

D

D0
5exp~2acn!, ~1.5!
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wheren50.5–1@this n should not be confused with the ex
ponent in the Langevin–Rondelez expression forj(c)] and
a is a function R and M, which does not depend on th
polymer concentration. Dependence of this type withn51/2
was derived by several authors.19–22

The dependencies mentioned above are applicable
not too small tracers. They are inapplicable for ions beca
their sizes are small compared with all characteristic len
scales associated with the polymer and the polymer netw
Lowering of the ion mobility in the presence of the polym
compared to its values in the pure solvent is caused by s
hindrances to ionic motion rather than more efficient dis
pation. Variation of the tracer mobility induced by steric hi
drances is often treated in terms of the effective medi
theory originally introduced by Maxwell.23–25We briefly dis-
cuss applications of this approach to analyzing data on
PEG influence on the electrolyte mobility in Sec. IV.

Deviations from the relation,D}h21, applicable for big
tracers, are not a privilege of polymer-containing solutio
Similar deviations have been found in other systems.26–32

The deviations are sometimes described by the empirica
lation, D}h2a, with a,1. For example, in Ref. 26 it was
found that mobility of simple ions in aqueous sucrose so
tions decreases with the solution viscosity ash20.7. The au-
thors of Ref. 26 indicate that this fractional dependence
the viscosity was proposed much earlier, in 1908.30 Another
example is the diffusion of xenon in liquid alkanes studied
Refs. 31 and 32, where it was found thatD is proportional to
h to a power close to~22/3!.

The outline of the present paper is as follows: Expe
mental results are presented in the following section. Sim
formulas for microviscosity and conductivity are introduc
in Sec. III and then discussed in Sec. IV.

II. EXPERIMENTAL RESULTS

Polyethylene glycols of molecular weights of 300, 60
2000, 4600, and 10000 Da were purchased from Aldrich~St.
Louis, MO!. A 0.1 M KCl stock solution was prepared by th
addition of doubly distilled water to the salt. Polymers we
added to the stock solution to concentration of 2, 5, 7, 9,
13, 15, 18, 21, 24, 27, 30, and 33 wt. %. The complete d
solution was determined visually.

Conductivity measurements were made with a CDM
Conductivity meter~Radiometer, Copenhagen!. A thermo-
stated CDC 324 cell was used. All experiments were carr
out at 23 °C60.1 °C. The conductivity cell was rinsed wit
doubly distilled water and ethanol, and dried by vacuum s
tion between each measurement.

Raw conductivity data were corrected for the electroly
impurities inherent to the PEG production process.
achieve this, we measured conductivities of PEG solution
doubly distilled water without KCl. This conductivity wa
subtracted from the raw conductivity, and the corrected va
was used for all subsequent computations. In all cases
correction was less than 1%.

Solution viscosity was measured using calibrat
Cannon-Ubbelohde viscometers. Because a given viscom
can only accurately measure a limited range of viscosit
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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6975J. Chem. Phys., Vol. 119, No. 13, 1 October 2003 Conductivity of PEG-containing solutions
three viscometer sizes~size 50, 100, and 200! were used to
obtain the whole data set. The viscometers were placed
constant temperature water bath, set at 23 °C60.2 °C. Ap-
proximately 10 ml of each sample was used for a meas
ment. The solution was allowed to equilibrate to the set te
perature for 20 min prior to the onset of the viscos
measurement.

Conductivity of PEG containing solutions is shown
Fig. 1 as a function of the polymer weight/weight concent
tion, c,

c5
mPEG

mPEG1mPFS
, ~2.1!

where mPEG and mPFS are masses of the polymer an
polymer-free electrolyte solution~PFS!, respectively. Using
these data one can find the ratio of the microviscosity to
viscosity of the polymer-free solution by Eq.~1.2! as a func-
tion of the polymer volume fractionf. This fraction is re-
lated to the polymer concentration by

FIG. 2. Microviscosity,hmicro , divided by the viscosity of the polymer-fre
solution,h0 , as a function of the polymer volume fraction.

FIG. 1. Conductivity of 0.1 M KCl aqueous solutions containing differen
sized PEG as a function of the PEG concentration~23.0 °C!.
Downloaded 27 Sep 2003 to 165.112.76.53. Redistribution subject to A
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f5
c

c1a~12c!
, ~2.2!

wherea5 v̄H2O/ v̄PEG>1.13. For partial specific volumes o
water and PEG we acceptedv̄H2O51 cm3/g and v̄PEG

50.885 cm3/g. The value ofv̄PEG is given in Ref. 9. The
dependence of the ratiohmicro/h0 on f is shown in Fig. 2.

It is instructive to comparehmicro/h0 with the ratio of
the viscosity of the polymer containing solution toh0 shown
in Fig. 3. One can see that microviscosity depends mainly
the amount of PEG in the solution and only weakly depen
on the PEG molecular mass. In contrast to microviscos
viscosity of the solution is dramatically affected by the si
of PEG molecules. Viscosity grows with the polymer volum
fraction faster than microviscosity. The larger the polym
the stronger this effect is pronounced. To illustrate this
give the ratioh/hmicro in Fig. 4. The ratio atf50.3 varies
from ;1.2 for PEG 300 to;25 for PEG 10000. Figure 4
clearly demonstrates Walden’s rule violation sinceh/hmicro

5sh/@(12f)s0h0# while according to Walden’s rule i
should be a constant.

FIG. 3. Viscosity of the solution,h, divided by the viscosity of the polymer
free solution,h0 , as a function of the polymer volume fraction for polyme
of different molecular mass.

FIG. 4. Violation of Walden’s rule.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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III. FORMULAS FOR MICROVISCOSITY
AND CONDUCTIVITY

When analyzing our data onhmicro/h0 we found that the
ratio is very well approximated by the expression,

hmicro

h0
5expS k

f

12f D , ~3.1!

which contains the only fitting parameterk. Values of k
found from the data for each PEG are given in Table I.

Figure 5 demonstrates high quality of the approximat
formula in Eq. ~3.1!. The numbers in Table I show thatk
increases with the polymer molecular mass fromk>2.5 for
PEG 300 and approaches a plateau value,k>2.9, for long
molecules. Variation ofk with molecular mass is shown i
Fig. 6.

Using the relations in Eqs.~1.2! and ~2.2! one can find
approximate formula for the conductivity,

s

s0
5

a~12c!

c1a~12c!
3expS 2k8

c

12cD , k85
k

a
. ~3.2!

Values ofk8 for PEG of different molecular mass are give
in Table I. To illustrate high accuracy of this formula w
calculated relative error for several values of the concen
tion. The results are shown in Table II. One can see that
PEG 10000 the relative error is below 1%. For all oth
polymers it is below 2%, except for PEG 300 atc50.33,
where it is 2.32%.

The idea to approximate the data onhmicro/h0 by the
formula in Eq. ~3.1! came from recent studies of sel
diffusion of water in solutions of different substances~su-
crose, dextran 40000, PEG 2000, 6000, 20000,
40000!.33,34 Self-diffusion coefficients were determined b

TABLE I. Fitting parametersk andk8 for PEG of different molecular mass

M 300 600 2000 4600 10000

k 2.537 2.646 2.820 2.880 2.906
k8 2.245 2.342 2.496 2.549 2.572

FIG. 5. Fitting the ratiohmicro /h0 for PEG 300 and PEG 10000 by th
dependence in Eq.~3.1! with k52.537 andk52.906, respectively.
Downloaded 27 Sep 2003 to 165.112.76.53. Redistribution subject to A
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pulsed field gradient NMR. It was found that their depe
dence on the composition of the solutions was well descri
by the relation,

D

D0
5expS 2k

Nm

NH2O
D , ~3.3!

whereNm andNH2O are the numbers of monomeric units
the polymer and water molecules in the solution andk is a
fitting parameter. Using the fact that

Nm

NH2O
}

f

12f
, ~3.4!

one can see that relations in Eqs.~3.1! and~3.3! are equiva-
lent.

IV. DISCUSSION

When analyzing their data on conductivity of PEG co
taining electrolyte solutions the authors of Refs. 8 and 9 u
different versions of the effective medium theory~EMT!.
This theory treats transport in micrononuniform media
replacing the nonuniform media by a fictitious uniform m
dia with prescribed effective parameters.23–25In our case the
theory suggests a relation between conductivity of the so
tion and the volume fraction of nonconducting inclusion
f8. The latter is assumed to be proportional to the polym
volume fraction,f85hf. Factorh is greater than unity be
cause nonconducting inclusions contain both the polym

FIG. 6. Dependence of the fitting parameterk on the polymer molecular
mass.

TABLE II. Relative error~in percent! in the conductivity fitting.

c 0.05 0.09 0.15 0.24 0.33

PEG 300 20.44 21.17 21.11 21.75 2.32
PEG 600 20.90 21.10 21.65 21.23 1.80
PEG 2000 0.23 20.23 21.12 21.44 1.26
PEG 4600 20.25 20.96 21.56 21.04 1.20
PEG 10000 20.27 20.04 20.46 20.85 0.26
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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and its hydration water. This factor can be used to estim
the hydration number, which is the number of the hydrat
water molecules per ethylene oxide group.

In Ref. 8 the authors assumed that nonconducting in
sions are spheres and used the relation,24

s

s0
5

2~12f8!

21f8
, ~4.1!

which follows from the formula derived by Maxwell in Re
23. Since this relation is correct only to the first order inf8,
the authors of Ref. 8 also used the relation derived
studies35,36 in the framework of a more general version
EMT,

s

s0
5~12f8!3/2. ~4.2!

Fitting their data by the dependencies in Eqs.~4.1! and~4.2!
the authors of Ref. 8 found that theh-factor weakly de-
pended on the polymer molecular mass and decreased
2.4 to 1.6 asf increased from 0.09 to 0.57. It turned out th
the two versions of EMT led to close results.

The authors of Ref. 9 used the relation

s

s0
5~12f8!3, ~4.3!

which had been derived in Ref. 37 in the framework of a
other version of EMT. Fitting their own data together wi
the data reported in Ref. 8 they suggestedh51.2 for the
entire range of the volume fractionf. This value is smaller
than the values obtained in Ref. 8.

Thus, when describing the dependence of the conduc
ity on the polymer volume fraction in terms of the relatio
suggested by EMT one has to use theh-factor, which is a
poorly defined parameter. Indeed, its value depends on w
version of EMT is used. Moreover, for some versio
h-factor varies with the polymer volume fraction. As a co
sequence, the hydration numbers obtained using diffe
EMT-expressions for the conductivity differ from each oth
They also differ from hydration numbers deduced from
measurements of other properties of the solution.

It is interesting to compare limiting behavior of the co
ductivity predicted by different formulas whenf→0. Ex-
pressions in Eqs.~4.1! and ~4.2! with h52.4 lead to

s

s0
>12

3

2
hf5123.6f. ~4.4!

Expressions in Eq.~4.3! with h51.2 lead to

s

s0
>123hf5123.6f. ~4.5!

Our approximate formula written in terms off is

s

s0
5~12f!expS 2k

f

12f D . ~4.6!

In the small-f limit it leads to
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s0
>@12~k11!f#>H 123.5f for PEG 300

123.9f for PEG 10000.

~4.7!

One can see that all the formulas predict similar behavio
the conductivity at smallf. Small variation in the factor
(k11) in Eq.~4.7! could be related to small variation of th
intrinsic conductivity of the inclusion-containing solutio
due to the difference in the shape of the inclusions. Intrin
conductivity defined as a limiting value of the rat
(s2s0)/(s0f) when f→0, varies from 3/2 for spherica
inclusions to 5/3 for needlelike inclusions.38

In summary, the main result of this study is the expre
sion in Eq.~3.2!, which perfectly describes conductivity o
PEG containing electrolyte solutions as a function of t
PEG concentration for the entire range of the concentrat
We arrived at this expression by analyzing the dependenc
microviscosity on the polymer volume fraction. Microvisco
ity introduced by the relation in Eq.~1.2! describes the de
crease in the ion mobility due to their collisions with th
obstacles rather than changes in the mechanism of diss
tion.
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